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SUMMARY

Tests were conducted in the HACA 8-foot high-spesd
wind tunnel to determine the loads and the load distridu-
tions at high epeede for & number of windehislds of the

- soekplt-canopy type. Drag data were obtalned simultane-
ously with the load data. Ten windshlelds of .various de-
signe similar to thcse in generdl use were included in
‘these tests. A new windshleld designed to glve low local
loads and low drags was also tested. These windshlelds
were mounted on a DC~3 fuselage and wling model. - Pressure
diatributions were obtalined for the wing alone and for the
fuselage mounted on the wing. From the pressure data an
~q%:éysis was made of ths interference effects between a
w shield and the model. The tests ware made at Mach
numbers ranging from 0.12 to 0.71, and & study of the ef-
fects of compressibility on loads and drags was thsrqby
permitted. .

Y

The load and drag data odbtained in these tests are
presented. graphlcally. The pressure coefflcients are pre-
sented at a wing angle cf attack of -0.67 (lift coeffi-

‘clent = 0.10) for Maoh numbers ranging from 0.19 to 0.71
and at wing angles of attack up to 6° (1lift coefficient =
0.82) for a Mach number.of 0.19. Windshield drag coeffi-
clents are plotted egainst ‘Macth number at wing angles, of
attack of -0.670 and -1.56° and akainst wing angls of at-
tack at a Hach number of 0.19.. - 3

The resulis of thesé tests show that both the local
loads and the dfage vary greatly among different wind-
shields. The drag of a good windshleld was found to:be
small, only'mbout 2 percent. of ' the drdg of a good airplane;
but the drag'of'a dad windshield'might easlly be -ter times
&8s great. Blunt -noses and dlunt tails or sharp corneérs
transvetse to the'flow were generally found-té be respon-
§4%le For+both high drdgs and-high local -lodds. Windshields
having high drags slso had high local loads; some of the
windshields having low drags bad moderately high local
‘l6ads.. Low ‘locdal loads are favored by large flneness ratios
and’ by shapes ‘that tend to’ distribute the locad uniformly
over ‘tHe main body of the windshield. For the bad wind-~
glilelds "thes drags and-for the good windshiélds the local
loads increased greatly with increade in Mach number.
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Interference from -the wing and fuselage 1s shown to have

an important effect on the windshleld and usually serves

to increase the loads.  Predictions of loads st high speeds
made from low-speed data may be greatly 1n error unless

the effect of toth compressiblility and wing interference

1s taken into account. The new windshleld, deslgnated the
X-2 windshioeld, was found to heve both low drag and low
local loads.

INTRODUCTION

The windshileld or cockplt canopy .1s designed to pro-
vide hsad room, vislon, and protection to occupants of the
cockplt of a pursult or a similar typs of airplane. The
disturbance to the flow over the fuselage should, of course,
be a minimuw. The increase in dvrag due to the cockplt en-
closure should be as small as possible and, in order that
sufficient satrength may be provided, the loads should de
small and of known magnitude and distributloa. It 1s es~
pecially important that the high loasds attained at high
speeds be known with a reasonable degree of accuracy. The
- eantlre cockpit enclosure, including the nose or wlndshield
proper, the middle piece or hood, and the tail, wlll be
referred to in this report as the "windshield."

Moat of the windshleld data in exlstence up to the
time of the present investigatlon had been obtalned at low
speeds. Low-speed drag data had been obtained in the in-
vestligations described in references 1 and 2; whereas other
windshield investigations had been concerned malinly with
the field of view and the adaptabllity of windshields to
bad weather (references 3 and 4). Undoubtedly much low-
espeed 1load data had besn obtained by manufacturers, bdut
this work 1s generally unavalillable. No high-speed load
data had been obtalned. The only high-speed windshlaeld
date avallable wsre the results reported 1n referencs 5,
and theat investligatlon was liwmited to findlng the effact
of varlous geometrical factors, such as nose shape, nose
length, tall shape, tall length, and others on the drag of
windshlelds. The fallure of several wlindshlelds 1n high-
speed dlves ssrved to emphaslze the necessliy of obtalniang
information on the magnitude and distributicno of loads at
high speedr.

Thls investigation was conducted primarlly to obtain
high-speed lvad data, lIncluding the effect of compressi-
bility on loads for a number of representative windehleld
shapes. Seconiary conslderations included determination
of the eritical speeds of the wlndshields, measurement of
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the windshield drage for comparidon with those obtailned

" In reference ‘6, -and study of.the flow over the windehield-

fuselage~wing oombination for correlation with the drag
and load data. A short discussion of the rathar large
tutual-interference effects between wing and windshleld
and between the wing—fuselage combination and the wind-
gshield 1s given 1n an appendix.

These teets included drag and pressure measurements,
covering a speed range roughly from 100 to 500 miles per
hour on several of the windshield combinations of refer-—
ence 5 and on two wlndshlelds of more advenced design.
For use in the flow and interference study, pressures
about the wing and fuselage were also measured., - This
work in conjurnctlion witk reference 5 gives comprehensive
dzag end load date Jram which ditgs and loads for most oamonly
used windshields can be rellably estimated.

APPARATUS AND mETHOD

This investigaticn was made in the HACA 8-foot hligh—-
speed wind tuncel, which 1s descrited briefly in reference
6. The basic model on which the windshlelds were mounted
waes & 1/8-scale model of the DC—3 airplane used in previous
tests (reference 65). The inboard panel of the wing employs
the NACA 2215 section. Engine nacelles, landling gear, tall
wheel, and tall surfaces were omitted-in these tests and
the discontinuity at trhe cebin was comvletely faired out so.
that drag changes relative to the drag of the basic model
might be mae large as possible.

The 11 windshields shown 1in flgure 1 were used in this
investigation; nine of these were used 1n previous wind-
shield tests (reference 5) and are based on simple geometric
shapes. The remaining two, the. X-1 and the X-2, are of a
later and hmore advanced design. For purposeg of comparison
all the windshields were designed to have a mmximum crogs—
sectional area of approximately 0.152 square foot. Tadble I
with figure 1 gives the -ordinates for the component parts
N, M, and T for the firast nine windshields shown in fig-
ure 1. These letters refer to the nose, middle, and tail
pleces, respectively, the combination being deaignated by
three numbers 1n 'the same order. .The symbol O, asg .in the
combination 4-0-3, indicates that the middle plece M has
been omitted and that  the nose piece N and the tail piece
T ©dbutt against each-other. THTigures 2 and 3 give the ordi-
nates 'for the X-—1 anrd the X-2 windshields, and figure 4 showe
the X—2 mounted orn the fuselage. ‘Both the X-1 and the X-3
windshielde are characterized hy .bwo basic airfoll sectlons;
the X-1 has straight-line elemen¥s conneoting these sections



in a transverse vertical plane and the X—2 hag straight—line
elements connecting equal percentages of chord on the two

bagic airfoll sections. The top part of both windshlelds ie
rounded to parabolic eectioens in transverse vertical planes.

The locatlon of the windshlelds on.the fuselage is shown
in figure 5. Tre beginring of the tail piece came in the
same posltion, about 39.69 inckes from the nose of the Tuse—
lage for all the windshields. The windshtelds were all so
located, el.ullerly with respect to the flow over the fuselage,
that the results are vpractically comparable. The direction
of the axes of the windshlelde coincided wita that of the
fuselaze axis, which zade an angle of ~2° with the chord of
the wing.

Fregsure orifices were installed on only one side of the
windehielid, the wing, and the fuselage. Figure 1 shows the
location of lines along which orifices were loucated on the
windehlelés. These llines are deslignated ty numbere that
agree with the numbers showa in tne pressure-~distribution
plote presented later. HNo atte.pt was made to glve the lo-
cation of all the individval orifices 03 tke windehields.
These locations can be datermlned from the pressure plots
vhere pressure coefficients at each orifice are plotted. The
location of the orifices on the wing and fuselage is shown
In figure 6. _ .

The set-up of the mofel in the tunnel 1ls shown in figure
7. Tre pressure lines were inetalled completely inside the
model, running out of the tunnel at the wing tipes. They were
connected to & sultiple—tube manometer filled with tetrabrom-
ethane. A camera was used to record the liquid levele in the
manometer.

The force and the oressure data were taken simultane—
ously; the drages obtained therefore exactly correspond to
the pressure data. Since tke wilndshield drags were small in
cemparison with the drag of the entire model, it was neces—
sary to acsure that the model drag rewnain nearly constant
between runs. In order to mlinimize any error due to fluctu—-
ation of the traneition point, transition was fixed on the
model by means of 1/4—1nch transitlion strips placed at 17%—
percent chord on the upper surface ané at 6—percent chord
from the leading edge on the lower eurface of the wlag and
in & ring around the fuselage at 12 inches from the fuselage
nose. ZXZxzept for the strips to fix the transition location,
the surfaces of the model were maintalined aerodynamically
smooth, The drag caused by the windshield was determined by
taking the difference between tne drag of the model wth
well-fairel windehield and a basic drag. odtalined for the
wing and fuselage alone. Two later additional basic-drag
rung checked well with the original.



These teats 1nclnded lift,.drag, pitching moment,
and pressure-distribution measurements for the wing and
fuselage alone and in combination with the 11 windehlelds.
The Mach number ranged from 0.12 to 0.71, corresponding to
a Reynolds number range from 1,30M,000 to 5,300,000 based
on the mean aerodynamic chord of 17.3 lnches. Lift, drag,
and pressure measurements were made at a Mach number value
of approximetely 0.19 for a range of lift coefficients
from approximately -0.2 to 0.8, corresponding to angles
of atteck from -3,5° to 6°, The lift-~coefficient range
was limited at high speeds by the .strength of the wilng.
Most complete data were obtained for & 1ift coefficient

. of 0.10, .corresponding to an angle of attack of -0.67°.

PRECISION C -

Systematlc errors affecting the windshield drag and
the pressure measurements arlise principally from duoyency
and constriction effects. The resulte for comparative
purposes, however, are unaffected to any important degree
because the sizes of all configurations tested ere prac~

"tically the same. The absolute values, on the other hand,

tend $8 be somewhat less than the values presented. These
errors are emall and at a Mach number of 0.656 are belleved
to be not greater than 5 percent on the dynamic pressure
and 4 percent or the Mach nurnber. At lower speeds the
errors are much smaller. . '
Accidental errors affecting the drag repults to any

important degree may.be gregent at the lowest speeds and
4t the hlghest speegs after compression shock 1is formed.

At the lowest speeds these errors nccur because of the
diffioculty of measuring the very ~sw loads and are great-
est - for the best windehleids. At the highest speeds when
compression shock 1s formed on the wing, these errors occur
because of the. unsteady nature of -the flow and because of
the difficulty of determining drag increments where the
slopes of the drag curves.are- extremely:steep, that is, in
the reglon where the drag curves are rising almost verti-

cally beyond the critical speed of the.wing.

RESULTS

In the presentation and the analyees of the resultes

' éf_this investlgatlon the following symbols are,.used:

P, static pressure in air stream
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P, local static pressure on model surface
mass denslty of air stream

Y t?ue alr-stream velocity

q dynamic pressure (1/3pVv23)

a speed oI sound in air stream

M Mach number (V/a)

Mor Mach number corresponding to attainment of 1oca1.
speed of sound

P - Ppressure coefficient-( El—i—£g>

Py low-gpeed pressure coefficlent

Per pressure coefflclent corresponding to attainment of
local speed o°f sound

drag coefficient of model based on wing area
Cy, 11ft coefficlent

Gmc/4 pitching-moment coefficlent at quarter chord
a angle of attaeck of wing

AD,, difference between drag of model with and without
windshield at same angle of attack and Mach

number
Py maximum crosse-sectional area of vind{?ield
CDpy drag coefficient of windshield %—%’)
AV velocity increment or induced vslociliy
AV/V velocity-increment coefficient
v local velocity (V + AV)
Y ratio of specific heats cp/cv for air

The method of determining the dynamle pressure gq,
the Mach number M, and the Reynolds number are described
in reference 7. The symbols Cr» GD, and cmcﬂ- repre-



sent the usval nondimenzional coefficlents with the pitch-
ing moment taken about the quarter-chord point. Pressure
"coefficiants were calculated from the.photographlc records
of the pressure differences and the dynamic pressurenr
measured on the multiple-tube manoneter.

The presented data are piotted against the predomi-
nating parameter, the Mach number. The Reynolds numbers
are shown for the corresponding Mach numbers of these
tests in figure 8. Pigure 9 shkows the 1lift coefficient
‘of tke model plotted agairst argle of attack o of the
wing and figure 10, the 1ift coefficient against Mach
number. The data presented herein apply only to smooth
windshields mounted in the particular location relative
to the particular wing and fuselage used in these tests
and in fhe absence of propeller sllpstream. In the ap-
plication of the data to dssign probleme, therefore, de-
partures from these conditions should be kept im ming.

The windshield drag coefficients CDF for the 11
W
#indskields are plotted agalnst angie of attack o of
the wing for M = O.%93 in figure 11 end against M for
.a = =0.67°% and -1.55° in figure 12. The windshleld forms

corresponding to the various drag curves are indicated
on the figures. These curves show drags generelly in-
creanlng with angle of attack and with Mach numder. The
drag vaiues dlverge wldely among diffarent windshields.
The reasons for these variations will presently be dis-
cusgeed in detall.

Tns effoct of d1fferent types of windshield on the
momernt 18 Bsaowrn 1n flsure 13 where Gmc . for three

different windshieids aurd for the model without wind-

shield is shown_plotted against M. The windskields in-
crease the absolute value of the pltching-moment coeffi-

clent, which is negative. The effect is small at low
speeds but Increases with Mach namber. It 1s evidently
due to the fact that higher negai.ive presgsures act over
the windshiold then exist on the fuselage in this region
without the windshleld. The pressures add & negative
moment- much greater than the positive moment produced

by the drag. With the three windeshields ehown, the pitch-
ing-moment coefficlients are about the same up to a Mach
number of 0.60. ©For Mach numbers greater then 0.60 the
..773-4 windghield, which has the higheet drag and also the
hlghest negative pressure peak, also gives the greatest
increase in negative moment. The change in moment for
any glven windshleld installation evidently must depend
on its position. ’

The pressure-distribution data for the 11 windshlelds



are presented as pressure coefflolent P plotted against distance
in inokos, measured a.lonﬁ the lcngltudinel axis, firaom the foremost
point of the windshield Figures 1% to 24 give pressure distridu~
tions at o = -0.67° for six values of M from 0.197 to 0.710.
The approximats locations of the orifice lines on the models and
the symbols representing them eare shown on the plot. In oxder to
avold confusion, only poirts-in the orifice line having the highest
negative pressure coefficient are conneocted. The peak negative
pressures are seen to be widely different for dlifferent windshields;
in most ceses, they Iincrease rapldly with Mach number. The pressure
coefficlents corresponding to the attalmment of the local speed of
sound are indicated as P;y. Pressure occefficlents for several
angles of attack up to 6° are plotted for eight windshields in .
flgures 25 to 32, These date were taken at a Mach mumber of approxi-
mately 0.192, except in the case of the 10-1-2 windshield for which
the Mach number is 0.339. A separate plot i1a shown for every orifice
line, the symbols 1n this case indicating the wing angle of attack.
As might heve been expected, negative pressures inorease with
increase in angle of attack, an offect due at least partly to wing
interference, as shown in the appendilx. The peak negatlve pressure
coeffiglents for the 11 windshields are shown plotted agalnst M

in figure 33. The point at which the. peak nsgative-pressure curve
intersects the curve marked ¥P,,, detemmines the critical Mach
number M,y of the windshield in combination with the wing and

the fuselage. The oritical speeds are eilidently consideraebly dif-
ferent for different windshields. The windshleld pressure data

are discussed 1n detall in the section of this report on loads.

- DISCUSSION

Dreg.~ From figures 11 and 12 the drag coefficient of a

good windshleld, based on the cross—sectlonal area, ls seen to .
be about 0.035. For a usual ratio of windshield oross—seotlional
area to wing area, this value corresponds to about 2 percent of
the drag of a good airplane. The drag of a bad windshield may
be 10 times this value or 20 percent of the.airplane drag. .

In order to galn same 1dea of the approximate magnitude of the
drag that should be expected on a windshield, a rough estimate was
made of the skin-friction drag that was added when the 2-0-3 windshield
was installed. This estimate showed a windshield drag coefficient of
0.026 for wholly turbulent flow or 0.020 with laminar flow over

*In figures 1k to 32 the distance scale was originally intended
to apply to the sketch of the windshield ‘as well as to the pressure
distribution, The windshlelds are drawn to thie distance scale and
therefore should be shifted. 8o that the nose of the windshield :ls
placed at zero.
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the forward 18 percent of the windshield. It 1s evident
that measured drags substantially higher than thesge values

" must havé been largsly pressure drag, such as- would-be

obtained with flow separation. Severe separatlon Bhould,
in fact, be expected for forms such as the 6-1-2, the
9-1-2, the 7-3-4, and the 8-4-5 windghieids, which'have
short- noses terminating at sharp corners transverse to
the flow. ZFigures 18, 19, 21, and 22 show that these
windshlelds have high, sharp negative pressure peaks Just
back of the corners. These peaks are followed by large
Positive pressure gredients conducive to separation of
the flow. For the 10-1-2 windshield the eeparation is
less severe because the nose is longer and less dlunt;
but at high Mach numbets, because of the Bteéapening of
the presaure gradients (fig. the separation becomes
pronounced. he 3-1-1 win ehie d has a ilong nose with-
out. tke sharp edge, but it has too short aad too blunt a
a tail. Figure 16 shows the resulting rear pressure peak
and the followlng steep positive pressure gradient. The
flow separates 1in thls reglon because the kinetic energy
in this boundary-—-layer air 1s lnsufficlent to overcome
the gradlent. The separation region 1ls smaller, however,
and the consequent drag lncrease less than for those
windshields for which the flow separates near the nose.
The effect of increase in angle of attack 1s somewhat
fimilar to that of increase in Mach number 1in increasing
separation.. (See fig. 1l1l.) This increased separation
occurs because, as seen- ln figures 25 to 32, the pressure
gradiente increase wlth angle of sttack, though at least
part of the effect 1s probadbly -dr.. to interference from
the wing. (See the appendix.

A glance at figure 12(a) in .conjunction with fig-
ures 1, 2, and 3 will show that the windshields having

‘low drag are characterized by long noses and, espsescielly,

long tails and by the absence of sharp corners transverse
to.the flow. BHReference 5 shows that the radiue of curva-
ture of the 'surface on the shoulder. betveen ‘the hose and
middle pleces of a windehield should be not leee than .

one-fourth of the windshield height. riguree 14 15, 17,
23, ‘and ‘24 show.further that theses windghielde ‘are char-
acterized by the absence of high, sharp regative pressure

.peake ‘and by low positive pressuro gradients.over the

tall. 0f the windshields represented In-figure 11, the

- saame onee._except for the 4-0-3, show: low drag throughout

thée angle-~of-attack range thet show"low drag at .a = -0.67°,
The bad.windshlelds become worse as the'angle of attack
is increased. For the 4-0-3 windshield at-.the highest
angle, 6°, some separation has probably developed around
the tail in the windshield-fuselage Jjuncture. .

The effect of compressibility is to increasse the
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drags, particularly of the windshields having high drag
already, because for these windshlelds the flow 1s sep-
arated and compresslibility 1lncreases the severlty of .
separation; and because also, except -for the 3-1-1 wind-
shield tkey have hilgh.peak negative pressures and there-
fore low critical speeds. A comparison of figure 12(a)’
with flgure 33 shows, however, that as the Mach nunfber
is increased large incresses in drag occur before tke
critical speed 1s reached, 1lniication belng thus gilven
that the lncreased severity of separation may be the
primary cause of the drag increase.

An interesting case parallel to a condition that
has sometimes beern found for wings i1s that of the 10-1-2
windshield. TUp to a Mach number of adout 0,50 this wind-
shleld shows a low dragz, indicating little .separation;
but at this Mach anumber, which 1s far below the critical
value indicated in flgure 33, the drag suddeanly begins
to lncrease. The probable explanatlon is that even at
low speeda the flow is on the verge of separating Just
back of the nosse. Only the increase 1in pressure gradlent
produced by increase in Mach number 1s required to induce
complete separation with consequent large increase in

drag.

Seperaticn may be expected to reduce the peak nega-
tive pressures and, therefore, to increase the critical
speed as indicated for the bad w idshields, 7-3-4, 9-1-2,
8-4-5, 6-1-2, 10-1-2, and 3~1-1 in figure 33, where it .
is seen that for three of the windshields having the
highest drags the peak negative pressures actually de-
crease with Mach number, but the drag of the bad wind-
shields is already eo high that in respect to drag the
critical speed has little meaning.

For the five good windskhields, the 5-1-2, the 2-0-3,
the 4-0-3, the X-1, and the X-2, the negative. pressure
peaks increase very rapidly with Mach number, but even

1th the interference (see appendix) the eritical Mach
gumberaeof tgg best of(thesepgre well above Mqop = 8.70.

which is as high as that of any wing with which they are
likely to be used. The turning up of the drag curves
around M = 0.65 does not indicate the critlcal speeds

of these windshields, and this drag increase 1is prob-
ably not due to any charecteristlic of the windshilelds
themselves. Instead, 1t is probably due to lnterference
of the windshield on the wing, whereby the apparent crit-
jcal speed of the wing 1s shifted to a lower stream Mach
number. The esharp increase in wing drag that occurs at
the eritical speed thep comes at a lowsr stream Mach num-
ber with the windshield in place than without and, when
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~ the two corresponding drag curves are compared at ‘equal
-atream Mach numbdbers, the difference in drag above the
wing critical Mach number. ‘about 0.61 with fuselage, may
be very great. As is pointed out.in the appendix, the
windshield interference will affect the wing over only a
limited region; but, if only half of the sstimated pos-
sible 2-percent lowering of the apparent eritical- qpedd
is agsumed, the effect, even 1f operative over only'=a -
small portion of the wing. 3 quite sufficient to axplain
the observed turnling up of the windshield drag curves.’
Because of the eteepnese of the drag curves in this regilonm,
& simllar effect, operating either to reduce or to increase
the apparent windehield drag coefficient, may be produced
by eany small error in determining the stream Mach number.
The. general unreliebility of the drag.curves above the.
wing eéritical speed alrvemdy has h.en commented -ipon. Ac-
tually, the real .drpg of the winishield is better indi-
cated by thé values for Mach numbers beldw the wing crit-
ical speed, and the eritical speed ¢f theé- windshield 1t-
self, as well as the speed at which the drag of the wind-
ehield itself may rise rapidly, 1s given in better approx-
imation as the speed &t which the curve of peak negative
pressure against Mach nunber 1ntereecte the critical-
pressure curve.

Loads .- Figures 14 to 32 show. that the local loads
on different windshields varied greatly and in certailn:
cases were extremely high. The loads on the side, closer
to the fuselage and wing, wBre generelly glightly ‘higher
than those on the top. A, Qnsideretion of the interfer-
ence (see the appendix) indicates.that thig:resnlt might
be expected. ' Althongh the actuel.mngnitude of the loads
wvas influencsd by interference, .reletive values weve:
probably- little affeqted chauee the interfeirence mugh-
have beeh:the ‘same foi difﬁerenf tests .and alsgo -did- not:
vary much ‘aldng the' tiﬂdéhield length. . As-might have
been expectéd, both ffom & conaideretion .of the -windshield
shapes .and of the’ interferen*e etfect. the loads 'incredsed
vith angle of etteck (fige. 25. to 3&) .

The preesure—distribution curves fell generally 1nto'
three classes: <distributions with a single peak -as illus-
trated by the 2~0-3 windshield (fig. 14), distridbutlons
with two peaks ‘as the 3-1-1 windshield in figure 16, and
approxXimately flat distributions as ghown in. figures. 15
. and 24 for the 4-0-3 and the X-2. windshields, respective-
ly. In general, where stream static pressure inside the
windshield was aeeumad the forces pore such as to tend
to pull the canopy off end to pueh the nose, 1n._“-

A '
" [,
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Examination of figures 14 to 24 shows that the wind-
shlelds having high local loads are characterized by short
noses, short talls, or sharp corners. The highest peak
negative pressures occurred behind sharp corners trans-
verse to the flow. Other factors that tend to lncrease
loads are interference, compressibility (to be discuseed
presently), and low fineness ratio. The effects of inp-
terference and low fineness ratlio are similar 1in that
both tend to produce higher total loads but only small
chenges in the distribution. Thus, ian order to avoild
high total loads, the interference should be made small,
as by using a thin wing, aand as thin a windshield should
be used as 1s consistent with space regquirements. In
addition, locel loads may be reducéd by uesing well-
Tounded shapee similar to the 2-0~3 and the X-1 wind-
shlelds (figs. 14 and 23) and, finelly, by —using better
forms deslgned for approximately flat pressure distribu-
ticns, such as the 4-0-~-3 and the X-2 windshields (figs.
15 and 24). Tke possibility of taking advantage of fa-
vorable interference is discussed in the appendix.

The relation between large posltive pressure gradi-
ents and separation, with consequent large drag increase,
already has been polinted out. Because these large posil-
tive pressure gradlents followed high negative pressure
peaks, the windshields having high drag also had high
local loads (figs. 12, 16, 18 to 22). 1If separation does
not occur, the drag will ba low even ‘1f the negative
pressure peaks are high, though possibly not so low as
though the negatlive pressures were better distridbuted.
This condition existed for the 2-0-3 and X-1 windshields
(figs. 14 and 23), which had moderately high negative
pressure peaks but low drags. If for the high-drag .
windshields the flow had followe” the surface lnstead of
separatihg from it, the drag would have been greatly
decreased, but the local loads would have been much
higher. Thus, separation, .whlch causes the high drags,
terds to reduce the local losds. The effect of separa-
tion at the sharp corners is to cause the flow to follow
a path having e large radius of curvature. The curvature
here largely determines the negative-pressure coefficient.
If the sharp corner is replaced by a small radius of
curvature, the peak negative-pressure coefficlent will
not be much affected until a radius equal to that fol-
lowed by the separated flow is reached; consequently,
for equal changes in flow direction, the peak should be,
up to a moderate value of tae radius of curvature at the
surface, not much different from those measured. °'In
reference 6 i1t was found that considerable drag Increases
occurred with radii of curvature less than about 25 per-
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cent of the windshield height. This result indicates
separakion, .and it may therefore be deduced that thils
value 1s approximately the corfner radius below-which -the
pressurs deta obtalned for the windehields having sharp
edges apply. Radil of curvature larger than thisg value
are probably needed to reduce the local loads.

The two windshlelds havirg the lowsast peek negative
pressures aleo showed low drags (figs. 12, 15, end 24).
Thig regult may not always be the case, because a wind-
shleld having too blunt a tall arni, therefore, high
drags might also have fairly low Loads.

The effect of compressidbility on tize loads may be
seen from flgures 14 to 24, 1In every case for whilch
separaiion (as indicated by high drag) did not occur,
the negative-pressure coefficients increased markedly
and continuonusly with Mech number. The peaks lncreased
more rapidly tkan the general pressures, thereby in-
creasing the concentrated loads, a circumstance favorabdble
to locel fallure. The increacse amounted to as much as
100 percent between M = 0.20 &and M = 0.70. 1In csases
for which separation occurred, the peeaks did not always
increase with Mach number, but they broadened out and
the general negative pressures increcased with the result
that the total loade were increased. The effect of com-
pressibllity 1n increasing the pressure gradients, thus
indueclng separation with consequeant drag increase, has
already been discussed.

At speeds above the critical value (crticial pres-
sure coefficient indicated by Pcr). the peaks show a
genereal broadenlng, ususally accompanied dy an licrease
in peak negative-pressure coeffliclent, as expected from
two-dimensional investigations. (See figs. 14, 18 to
22.) This result means that, as the Mach number is in-
creased beyond the criticel value, -2 considerable in-
crease 1in loads - both local and total - occurs.

The increase in pesak negativ pressure with Mach
number, shown in figure 33, was .ore rapid for the wind-
shields for which separation did not occur. Part of
this lncrease was due, as shown 1n the appeadix, to in-
terfereénce from the wing and fuselage. The increase was

much more rapid than that given by the faector 14/1 - M3,
This fact should be kept .in mind when attempting to esti-
mate loads at high speeds from 'low~speed data. Tho crit-
icel speed was not attained in these tests for those
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.windahlaldS"having-the-ioweat_peak rmegative pressures
{figs. 15,-17, and 24), ard the effect of compressibility
oa these windshields was less. At -higher Mach numbers
thess windshields would Probably show the same effects

that the other windshields showed at the Mach b
theée tests. - . - Y e M c. num ers.of

Xeslegn considerations.~ The designer will be con-
frooted with a number of considerations in designing a
wirkgshield that meeis the use reguirements and is, at the
s&me tlme, aerodynamically permissibdle. One of the im-
portant considerations is strength. From the results of
these tests, 1t 1§ apparert that local locds vary greatly
among 4iffereat windshields ani that these loads increase
raplidly with speed, high Zoczl loads increasing more
rapldly than low loscsl l1lonads. These ioads*ani their in-
crease with Mach nunber muet be allowed for in design,
particularly i3 the airplare is to be used in a dive
wvhere the windshield, the wiang, or botk may be operating
at supercritical speed. .

Requirerents of viglon may -dictate either a flat
regiorn near the nose of the windskield or .single-curve
surfaces. .The .pressurs resulis of -thease tests indicate
that it should be possible to provide & small flat regiom
at or very. nsar .tke noee of the.windshield without dele-
terious effects, but if the flat region is too large or
is placed back in the higan-vslocity region, the locael
loads pay be greatly 'increased and separation with conse-
quent “high dreg may result. VWindshieids witk single-
curve surfaces may be designed with no sacrifice in per-
formance. : ) . T -

Another design conslideratidn is ease of cornstruction.
The results-of thege tests:indic-.ie that simple, easily
designed forme are quite as sat.sfactory both for low -
drag and for low loads as more complicated shapes.’ Flat
plates, howaver, cen find only limited use in a good
windshield. Tkey may possibly Pe used orn the silde or on
the tail where the designed surface may be approximately
flat already; and srall flat plates may be used very
close to the nosé. ' Otherwise they are lilkely ‘to cause
increased local loads and high drage. The use of a de-
slgn with single~curve surfacés. should simplify the con-
struction-of the framework. and .Its glass or metal cover-
ing. BRetaining etrips transverse to the air flow increase,
the drag (ses roference 5) and may caude separation if
placed near ® negdative pressure pedk. They should thexe-
fore be avoided, and the surfacs of tke Qihdahield shoulgd
be made smooth. If retalning strips nmust be used, they
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should, where possible, run in & direction parallel to
4he alr _flow and, in any case, they should be as thin as
is consistent with strength’ rsquirsmsnts sand-as voll —-
faired as possible.

‘Satisfactory shapss may be dssignsd ‘by use of the
shape characterigticds of the fivo 1ov—irag, Iow-load
windshields, 2-0-3, 4-0-3; 3-1-3, X-1, Xx-2, prssentod .in
this report. - (Sed 'fig. 1.) Thsss chsrsgtérisﬂics.
wvhich ‘alrédldy -havé been discussed, are: 1large fineness
ratio, long noses and long tails, and, except at .the.nose

"and tail,' -weIl-rounded surfaces with no ‘sharp cornsrs or
~ ‘small ‘radii’ of -curvature. The 2-0-3, the® 4-0-<3, ‘antl the

3-1~2 windshielda have doudble-curve surfaces ‘and msi

‘ therefore ‘offer some difficulty in ccrnstruction,” Thae
.« -.X~Ll.windshield has single-curve surfaces except for the
.. top ‘and -should ‘therefore be ‘easy to build. - The shupe'

characteristics of the X-2 windshield will prsssntly be

-?discusssd in detsii.

A modification of the X-1 and X- 2 vindshislds that

-.is~psrmissibls and probably desirable 135 the rounding of

the nose. A very small redius may also be given tne tail
without affecting -the performance. Unless the stream:

- flow is paraliel to the axis of- the windghield, the sharp

nose on the X-1 and X~3 windshields may cause burbling
with consequent drag lacrease, though for small angles of

"the flow the inerease may be small. - If' the“nose is round-
‘ed off to a emall -redius, it will bde" lsss"sensifive'to

angularity of the flow.

If a windshleld is desired having low peak negative
pressures, that is, low peak loacs and very high critical
speed, particular attention muat be paid to the shape.
The 4-0~3 windshield is seen from figure 33 to meet this
requirement reasonably well, although, as has already
been ‘pointed out, this windshield may be more difficult
to construct than a windshield with sing1 é-curve surfades.
A-new windshleld, designateéd here the X-2 windshield, was
designed to be oonstructsd nearly similar to the.X-l wind-
shisld but with & negative pressure peak as low as that
of the 4-0-3 and with drag as low as that of the X-1 wind-
shield. These cbjectives were attempted in tvwo ways:.
first by increasing the fineness ratio nearly to_that ‘of
the 4-0-3 windshield, and second by modifying the form %o
glve an approximately flat pregsure distribution over the
middle forward part of the windshield. -An attempt was
made to insure that the positive pressure gradient over
the tall should be not greater than that over the tail of
the X-1 windshield. The ordinates for this windshield
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and the manner of its construction have already been
given. TUnfortunately, the windshleld was not construct-
ed accurately according to these ordinates. The most
important divergence was & fullness in the nose amount-
ing to as much as 0.09 inch at the B-B plane (see fig.
3) Just forward of the front negative -pressure peak.

The main objectives soughthave, nevertheless, been
attalned, as shown in figures 12, 24, and 33. Except for
the unreliable upper and lower parts of the drag curve,
explained previously, the drag ls about the seme as that
of the X~1 windsh!eld. Tigure 24 shows that the pressure
distribution is almcst flat over the main forward part of
the windshield; whereas a comparison with figure 23 showe
that the pressure gradient is sllightly less than that over
the tail of the X-1 windshield, Figure 33 shows that the
peak negative pressures on the new windshield were less
than those on the 4-0-3 windshield and leses than those of
any of the other windshields tested. The peak negative
pressure would probebly have beer somsewhat lower 1f the
windshield -had been bullt accurauely according to the or-
dinates given.

The X-2 windshield is considered to meet the require-"
ment.for a windshield having low locel loads, high critl-
cal speed, and low drag, At the same time it should be
ressonably eaey to construct.

CONCLUSIONS

The pressure and drag results presented hereln are
strictly applicable .only to the windshields 1ln combina-
tion with the particular wing and fuselage used in these
tests. They apply to windshields of the cockpit-canopy
type as used on pursuit or similar types of airplane.

From the data obtained in the tests, the following
conclusions were drawn:

l. The drag of a good wirdshield was found to be
about 2 percent of the drag of & good alrplane; the drag
of & bad windshield might easily be 20 percent of the
airplane drag. .

2. The good windshields were characterized by long
noses and taills and by the absence of sharp corners trans-
verse to the flow.
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3. The effect of compreesibllity within the range of

..Mach nunbers of these tests was to 1ncreaso greatly the

drag of bad vindshields._”'“* N

4. Those windshields having high drags were also
characferized by high local loads; some of those having
low drags. had moderately high local loads. The local

. loads varled greatly between different windshlelds.

. 5. Thogse windshields ‘having 1ow-1ocﬁi loads were

-" .characteriged by long noses and tail and by the absence

]

.of .sharp corners transverse to. the flow._ In addition,
the shapes of these windshields were such as to tend to
distridute the load uniformly over the main body of the

windahiqld.

6. The local loads on all windsghields not hnving
excesslvely high drags were found to increase markadly
with increase in Mach number.

c. e +. Interference from the wing and fuselage was found
to have an important effect on the loads over a windshield.
For .the position of the windshield relative to the wing
and fuselage ag represented by these tests; the effect of
interference was to increase the losds. -

8. By the deslgn of & hew windshleld, -the X-2, re-
duction in both drag and local loads was found possidle.

Lansldy Memorial Aesronautical Lnboratory.
Natlonal Advisory Committee for Aaranautics.
Langley Fleld, Va. : .
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APPENDIX

THE INFLUENCE OF WING AND FUSELAGE INTERFEREKCE
ON THE PRESSURES ACTING O¥ A WINDSHIELD

In any analysis of flow about windshields the effect
of interference must be considered. Both loads and drags
are dependent on the interference velocities due to the
wing, the fuselage, and ary other bcdies near the wind-
shield. Application of tkhe results of these tests will
depend on the interference experienced by the windshileld
on the alrplane as compared with the interference due to
the wing and fuseiage on which the similar windshileld was
tested. - ) .

An estimate of the interfer-ice experienced in these
tests and an example of the effect of this interference
on the loads over one of the windshields testud will serve
to show hew the interference velocities ‘for any comdbina-
tion may be approximately determined and, at the same
time, will indicete the magniticde of the interference
effeéta on the results presented 1n thls report.

The general nature of the interference to be expeci-
ed may be seen from figure 34, whiczch showe the relative
poesltions of the windshield, the wing, and the fuselage
and their respective surface pressure distrlbutions. As
negetive pressure coefficlents correspond. to positive
veloclty increments AV, 1t may be immediately deduced
that the fleld of the wing and fuselage, extending out-~
vard, will produce at the position of the windshield,
without the windshield in place, veloclties v greater
than the stream velocity. These induced velocities de-
crease with distance from the surface and follow a curve
somewvhat resemndling an exponential damping curve. Thus,
the closer the windskleld is to the wing and fuselage,
the greater is the effect of interference. The wind-
shield 1s closer to the fuselage than to the wing, but
the velocitlies over the wing are much greater and, as a
result, the effect of the wing may be as great as or
greater than that of the fuselage, particularly at high
speeds, because of the extension of the field with Mach
number.

In the quantitative discuss .cn of interference, 1t
is convenient to consider the velocity-increment coeffi-
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clents AV/v &and thé resultant valocity coefficlients

v/¥. The resultant velocity v 1s obtained by the vec-
tor addition of the velovity increment -AY to the.stream.
vaelocilty V or to the velocity-otherwise existing at

the point, but for small values of AY "and for usual
positions of the windshileld, a2 sufficiently good approx-
imation may be obiained by adding these quantities arith-
metically. The velocity increment v/v may be obtalined
according to Bernoulli's equation from the pressure coef-
ficlent P by the relation

: - -1
¥ . o2 (1 x z\ g
7 .d/ll T L\‘ + L2 7Y 1J

or at low speeds by the 1ncompressiblorflow relation

Before the effect of interfererce due to the wing
and fuselage can be gquantitatively estimated, the veloci-
ty increments due to these bodies must be determined.
Velocity contpurs, that is, lines of equal value. of v/V
for a portion of the field of the FACA 2215 alrfoll at
a = -0.67°, have been determined by the method of refer-
ence 8 and are given in figure 35. It may be remarked
that the veloclty fleld as muck as one ckord length from
the surface will be naearly the same for other winge of
the same thickness ratio and at the game 1lift coefficient
as for this ocne. Thus, the interference 'on a body locat-
ed as much as & chord length away from a wing' could be
obtained to e sufficlently good approximation from the
field of a Jocukowskl airfoll of the same thickness ratio
and with the same 11ft coefficient, the Joukowskl airfoll
having the advantage of being mathematically tractabdle.
Closer ta the wing the velocitles dare more and more in-
fluenced by the particular profile form. - .

As seen in figure 35, the veloclity coefficlent fallas
off rapldly with distance from the surface. If a line
through the point on the surface corresponding to peak
veloclity is drawn parallel to the .chord. line, the decay
of peak velocity with dlstance perpendicular to this Iine
is aBs shown in figure 36 for ﬁP= 0. About the sames decay
curve was found theorstically for the 1ll.3%-percent-thick
symmetrical Joukowskl mirfoil at 0° and 4° angle of attack
and experimentally for the 18.8-percent-thick airfoil at



Cp, = 1.6 given in reference 9, MdmmisWMbhmt
muoh d.ifrerent for any other. a.iz-i’oil of approximately similar -
sghape,

* The compressibility effect on the field shown in figure 35
mey be obtained by increasing the distances from the wing chord

for all points on the velocity contours in the ratio 1/ |1 — ”.
(referentes 10 and 11). The corre values of the velocity-

increment coeffiolent (&Y = ¥ ~ 1 ) may then be incremsed in the

sams ratio to obtain the%ontour plot for any given Mach number
(reference 10). The compressibility effect was applied in
figure 36 for M = 0,40, 0.60, 0.70, and 0.80 by shifting all
points on the curve for M= O +to the right in the ratio of

absciseas 1/ q’l - M,

The pressures measured on the fuselage are subJect to inter—
feronce from the wing and consequently cannot be directly used for
the estimation of fuselage interference. Approximate interference
veloclities may be obtained by replacing the body by 1ts equivalent
prolate spheroid, ds shown in figure 37. The peak veloclty—

- increment coefficients AV/V are 0.21, 0.12, 0.08, and 0,03

for- prolate spheroids of Pineness ratios 2, 3, L, end 8, respectively.
Figure 37 gives the corresponding decay curves. The extonsion of

the field with Mach number is glven only for the fineness ratio 4.

In the absence of any rigorcus theory conoerning the effect of
campressibility on the velocity fileld about a body of revolution,

the same compressibility effect willl be assumed for the fuselage

ag 1s used for the wing.

The veloclty—-increment coefficlients at the surface of the
fuselage without the wing interference were actually obtained,
however, by deducting the velocity cocefficients in the field of
the wing (fig. 35) at the positions of the fuselage orifices
from the correeponding velocity coefPicients determined from the
pregsures measured at these orifices. The velocity cosffIrients
from the measured pressures and the estimated wing lnterference
from figure 35 for the top and side orifice linss on the fuselage
ere shown in figure 38. The difference, shown as the velocity—
increment coefficlent AV/V, 48 less for the top than for the
side meridian. This result may be partly due to overcorrection,
but the velocity over the top should be scmewhat smaller because
the fuselage 1s more nearly flat at the top. Also, the dip
in the curves 1s expected because of the near flatness of
the fuselage in this region. The decay curves of figure
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37 may be applied to the AV/VY values of figure 38 for
estimating the interference veloclties off the surface.
The perticular:decay curve correspondipg to the fineness
ratio of tke prolate 'spherold that can be most nearly-
fitted to the fuselage should be used.

As an example, the interference effects with the X-1
windshield have beesn estimated. Since the velocitles are
highest at orifice line 4, the velocity coefficients at
this line will be reduced to the approximate values char-
acteristic of the windshield elone, that 18, no interfer-.
eace. The location of the windshield with orifice-line 4
is given in fjigure 35, from which the corresponding inter-
fererce veloclties from the wing at low speed can be od-
talned. ¥For the fuselage interference, the diameter of °
the fuselage is 12 inches and the length of the equivalent
prolate spheroid adbout 7?5 inches. and the finenese ratio
therefore about 6. Windshield o-ifice line 4 1s adbout 2
inches or about 0,17 the fuselage diameter from the sur-
face of the fuselage. Thug, by interpolation for a fine-

ness ratio of 6 in figure 37, the AV AV, .y Tatio at 0.17

the diameter from the surface is about 0.60. By multi-
Plying the velocity ratlo AV/V at the top meridian (fig.
38) by 0.80, the velocity-increment coefficients due to
the fuselage interference at windshield orifice line 4
may be detgrmined. The interference velocitles

rF= 1+~AI/,are shcwn with the velocity distribution on
the windshield in figure 39. The total interference ve-
locity, shown in the same figure, is obtained by adding
to unity the lncrements due to the wing and to the fuse-

lage,
7 AV
V /wing ( fuselage

Curve A, which shows the windshield velocity distridbution
with the interference removed, was obtained by dividing
the windshield velocity ratios given 1in the top curve by
the corresponding velocity ratios v/V <taken from the
curve showing total interference.

Total interference~velocity coefflclent = 1

Figure 40 shows somewhat the same effects, complicat-

ed, however, by compressibility. The wing interference.
-~ was obtained by increasing .the distances rerpendicular to
the wing of all points on the velocity eontours of figdre

35 in the ratio 1/4/1 - M® and increasing all AV/V

values by the factor 1//1 - K®, +thus changing both the
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position and the values of the velocity contours. - The
fuselage lnterference. was obtained dy increastng the

AV/Y values of figure 38 in the ratio- 1/«/1 - H5
interpolating among the decay curves of figure 37 for a
fineness ratio of 6 and Mach number 0.688 at 0.17 the
diameter from the surface. The total interference was
obteined de8 before by adding the wing and fuselage
induced velocity coefficients. ' The windshield 'veloeclity
coefflcients could then heve Deen corrécted as 1n$igum-39,
but actually the rcvorsc procoss was applied. -Because of the
interference the windshield is srbject to & Mach number’
approximately equal to the product of the interference
velocity .v/7 with the ‘stream ¥ach numdber, which-in
thig cdse is 0.683. The interference Mach numbers =sre '
glven on the total—interference curve of filgure 40.

Curve A, from figure 39, was then raised by multiplica-
tion of the velocity Increment eoefficients )

(ﬁg = % - 1/ with I/J 1 - M2, uaing the local Mach

numbere shown. Tae resulting curve was raised again by
multiplicatior with the interference velocities 'v/V to
give a curve of the final estimated velocity on the wind-
shleld. The proximity of this curve to the curve of ve-
locities obtained from the pressure measurements 1s an
indication of the validlty of ‘the assumptions concerning:
the effect of compressibility on interference. Figure 40
shows that the lnterfererce effect may become very great
at high speeds. t 8t1l1l higher speeds, above the eriti-
cal speed of the wing, the effect 1s still greater; bdut
since at speeds above.the. critical the . Mach number ef-
fect, either on the interference or on the velocities
wvithout interference, s quantitatively unknown, it can-
not be estimated with any degree of accuracy.

As & check on the approxirate correctness of .the
estimated interference effect, the velocilty .coefficients-
for the 4-0-3 windshield .were adJusted as for.the X-1
windshlelds.. This windehield is approximately ene-~hbalf
the 111 body of revolution cut elong the longitudinal
axis (reference 12), and the calc :lated veloclity distri-
bution for this body 1s gilven along .with that of the:
measured and adjusted distributions for the 4-0-3 wind-
shield in figure 41. Although the shape of the wimdshield
velocity-distribution curve departs. congiderably from “the
theoretical shape for the 111 body,. the fact that the ad-
Justed curve falls near .the theoretical indicates that
the estimated interference was approximately equal to the
interference actually experienced, . .
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The effect of interference on loade has not been spe-

- cifd4cally given 1n. this example slince it was convenient to

diecuss velocltles rather than pressures,'%at tHe pressure
coefficients may easily bte obtained from the velocity coef-
ficlents either at low speeds by the incompresaihle flow

ralation‘
v\3
Pos1(3)
or at hlgh speeds by

L QRN I

b4, vi2

where for alr Y 1g approximately 1.4. The pressure coef-
ficlents P are roughly double the velocity—increment

coefficients ( CLA S
v v J

The windehlield drag results are not consldered suffi-
cilently accurate to Justify the quantitative estimation of
interference effects, but an approximate value of the wind—-
shleld drag coefficient referred to the increased velocity
fleld due to tke interference veloclties may be obtained by
dividing the wirdshield drag coefficient GDFw by the

equare of the interference velocity coefficient v/V. Thus,
1f the interference velocity coefficient is 1.05 (as shown
in fig. 39), the windshleld drag coefficlent is reduced by
about 10 percent. That 1s, the drag coefficient given 1is
about 10 percent greater than would have been obtained 1f
the interference velocitieeg had been zero.

The interference effect of the X-1 windshield on
the model will now be considered. The drag and negative
pressure coefficlents on the wing and fuselage, except
for the part of the fuselage covered by the windshield,
are generally sllightly increased by interference veloci-
tles due to the windshield, but the most important effect
1s the lowering of the ocritical speed of the wing. The
interference velocities in the field of the windshield
can be found in the same way as for the fucelage. If
the thickness of the X-1 windshleld is taken to be 6
inches and the fineness ratio of the equivalent prolate
spherold to be 3, a peak surface velocity coefficlent of
1.26 being assumed (fig. 40), the velocity off the asur-
face may be estimated from figure 37. The distance from
the surface of the wing to windshleld orifice line 4 is
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1s about 12.4 .inches or slightly. over two windshield diam-
eters. From figure 37. the corresponding AV/AVpay value

for M = 0.6388 was found to be 0.085. The velocity-
increrent coefficient 0.26 was multiplied by this value

to obtain 0.022 for the increment due.to interference of
the windshield on the wing.- Thus, the effective velocity
at the wing might be as much as 2 percent greater than the
stream velocity. The effective Mach number 1s 1increased
by approximately the same percentage, from 0.688 to 0.702,
or otherwise the apparent criltical speed of the wing 1is
lowered by this amournt. The-windshleld interference will,
of course, affect the wing over only a limited region;

but the resulting drag increase wnen tne critical speed

of the wing 1s reached locally in this reglorn will be of
the same order of magnitude as the increasse that would
have been experienced had the critical speed of the wind-
shield itself been attalned.

Tne methods herein presented for estimating the ef-
fect of intertference are based on smooth flow. If sepa-
raticn Jecurs, ths effect of interference caannct be de-
termined.
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. TABLE
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[An Atmensions are in inches. 1 is the rodius of the Circumscribed circle]

X | r X [ r X[ r
023 (073|  [0.34]073 0.44]0.73
45\ 0| .68/ 1./0 88| 110
290|165 - 1.35| 1.65 1.75 | 1.65
1.80 | 2.35 2.7 |2.35 350 | 235
361 |31 541|300 | 7.00 |3.11
541 |3.43 812 |3.43 M50 | 343
7.00 |3.50 1050 |3.50 1359 |3.50
7-/ T-2 T-3
x| r x| r X | r
0 [3.50 0 |350 0 |3.50
1.28 |3.40 2,56 | 3.40 391 |3.40
242 (3.1 485 (3. 741 | 3.11
3.57 |2.57 7.13 | 2.57 1091 | 2.57
4.7/ | 180 942 | 180 1441 | 1.80
527 |/.38 1053 | 1.38 1601 1.38
586 | 93 1171 | 93 1791 | 93
641 | 47 1282 | 47 19.61 | 47
700 |0 1400 | 0 21410
T-4 T-5

X | r X r

0 |3.66 0 |38
391|355 391 |3.67
741|325 : 7411335
1091 | 269 1091 | 2.78
1441 | 1.88| 1441|195
1641 | 1.44 1611 | 1.49
1791 | o7 1791 | 100
1961 | 49 1961 | 51
214l 0" 214l |o
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